Degeneration of the nigrostriatal dopaminergic system in Parkinson's disease (PD) causes motor dysfunction and cognitive impairment, but the etiology of the cognitive deficits remains unclear. The present study investigated the behavioral effects of partial lesions of the nigrostriatal dopamine (DA) pathway. Rats received bilateral infusions of either 6-hydroxydopamine (6-OHDA) or vehicle into the dorsolateral striatum and were tested in spatial and procedural learning tasks. Compared with intact rats, DA-depleted rats were impaired when the first task they learned required egocentric responses. Intact rats that received prior training on a spatial task were impaired while learning a subsequent body-turn task, suggesting that prior spatial training may compete with egocentric learning in intact but not DA-depleted rats. Spatial discrimination, reversal learning, and switching between allocentric and egocentric strategies were similar in both groups. The results suggest that DA loss that is not associated with gross motor pathology temporarily impairs egocentric, but not allocentric, learning or subsequent behavioral flexibility.
tems are also affected by nigrostriatal pathology. Animal models have produced inconsistent effects related to these cognitive functions. 6-Hydroxydopamine (6-OHDA) lesions to the dorsolateral striatum (DLS) or substantia nigra impair cue and working memory versions of the Morris Water Maze (Ferro et al., 2005; Tadaiesky et al., 2008) as well as spatial navigation and route-based learning (Braun, Graham, Schaefer, Vorhees, & Williams 2012; De Leonibus et al., 2007; Mura & Feldon, 2003) . Although selective nigrostriatal damage seems to impair performance on hippocampal and striatal memorydependent tasks (Squire, 1992; White & McDonald, 2002) , the types of learning deficits associated with mild dopamine (DA) depletion have not been extensively studied. The present study uses a rodent model of prodromal PD, in which 6-OHDA was used to deplete DA along the rostrocaudal extent of the DLS, generally consistent with early stages of the lateral-to-medial progression of DA loss in PD patients (e.g., Damier, Hirsch, Agid, & Graybiel, 1999) , but in which gross motor function is preserved. These rats were used to investigate the extent to which DA depletion of the DLS affects spatial and body-turn learning, strategy switches, and reversals.
Method
Rats either received microinjections of 6-OHDA or saline into the DLS and were then assigned to learn either a series of spatial or body-turn tasks on a plus-maze ( Figure 1a ). Training sessions tested acquisition, stable performance, and overnight retention ( Figure 1b ). After initial training in either a body-turn or spatial task, the rats were trained on the other task, reflecting a strategy switch, or on a reversal of the first contingency ( Figure 1c ).
Animals
Thirty-five male Long Evans rats (2-3 months old, 300 -400 g) were housed individually on 12-h reverse light/dark cycle. After acclimating to the colony room for Ͼ1 week, rats were food restricted to approximately 85% baseline weight and maintained on a restricted diet. All procedures were approved by the Institutional Animal Care and Use Committee and performed in accordance with National Institutes of Health guidelines.
Apparatus
An elevated plus-shaped maze consisted of four wooden arms (65 ϫ 8 cm). The east and west maze arms were designated as "start arms" and the north and south maze arms were designated as "goal arms" (Figure 1a ). Inaccessible food rewards (three to five chocolate sprinkles) beneath each arm minimized the influence of odor cues on behavior. A waiting platform was located next to the maze. A wooden block prevented access to the unused start arm on each trial, but both goal arms were open. Testing room walls contained distal visual cues.
Surgery
Rats were anesthetized with isoflurane (1-5%; Forane, Baxter) and secured into a stereotaxic apparatus (David Kopf Instruments, Tujunga, California). Once surgical anesthesia was reached, the scalp was shaved, scrubbed with betadine, anesthetized (0.5 ml subcutaneous xylocaine; APP Pharmaceuticals), and the skull leveled. Rats were injected subcutaneously with saline (1 ml) for hydration and either ketoprofen (5 mg/kg, Sigma-Aldrich) or meloxicam (4 mg/kg, Loxicom; Norbrook Laboratories, Monaghan, Ireland) for analgesia. Bilateral burr holes were measured from Bregma and made in the skull at (a) ϩ0.2 mm anteroposterior (AP), Ϯ 3.6 mm mediolateral (ML), and (b) Ϫ0.8 mm AP, Ϯ 3.9 mm ML. Microinjections were delivered via each burr hole using 33-gauge cannulas (Plastics One, Inc., Roanoke, Virginia) lowered Ϫ5.6 mm and Ϫ4.0 mm ventral from dura (Paxinos & Watson, 1986) and connected by Silastic tubing to 2-l gastight Hamilton syringes mounted on a Harvard infusion pump. Rats were randomly assigned to receive either 10 g/l 6-OHDA (Sigma-Aldrich) dissolved in saline (DA depletion) or saline (sham) infusions (0.1 l/min for 3 min). Infusion cannulas were kept in place for 3 min to allow diffusion. Rats were free-fed for 48 h and began maze training 7-10 days later. Rats were trained to use a spatial or body-turn strategy to find food reward on a plus-maze. Paths to the correct goal are shown from each start arm (W and E) on an exemplar spatial ("go north") and body-turn ("go left") task. (b) Training schedule for a given spatial or body-turn task. When a rat failed to meet criteria, it repeated that session the next day. The same reward contingencies were used for each of these three sessions, but they were changed once rats met criteria on the overnight retention session. (c) Different cohorts of rats learned a spatial or body-turn strategy first, then were trained on a series of strategy switches (Cohorts 1-2) or a reversal (Cohort 3). This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Maze Acclimation
Before receiving surgery, the rats were handled and allowed to consume food reward scattered across the maze; they were ready to be trained once they consumed all food scattered twice in 10 min. After recovery from surgery, the rats were tested for turning bias. In each of four trials, a rat was placed on a start arm and could find reward in either goal arm. Rats that made the same body-turn on three of four trials and were assigned to learn an egocentric response first (Cohort 1; sham n ϭ 3 of 5, DA n ϭ 4 of 6) were trained on the opposite turn.
Behavior Testing
At the start of each trial, food reward was placed at the end of a goal arm and the rat was placed on the distal end of a start arm. A choice was defined as a rat entering a goal arm with its full body length. After entering the correct arm, the rat was allowed to consume the food before being returned to the waiting platform. After entering the incorrect arm, the rat was immediately returned to the waiting platform without food. Each trial ended when the rat reached the end of the arm or turned around. Rats remained on the waiting platform for 5-10 sec between trials.
Spatial and Egocentric Task Performance
Rats were assigned pseudorandomly to groups and trained initially on either a spatial or a body-turn (response) task (Figure 1c) . Training sessions included an acquisition and a stable performance phase (Figure 1b) . During the acquisition phase, the rat was placed on the same start arm (e.g., east) until it made two consecutive correct choices, at which point the start arm changed (e.g., west). All consecutive trials from a given start arm were defined as a "block." Training continued until the rat performed six consecutive correct trials. If the rat failed to reach learning criterion in 80 -100 trials, then the session ended and the training on the same task resumed the following day. The trial after criterion performance started the stable performance phase that kept the same reward contingencies. The rat was given 24 trials using pseudorandomly assigned start arms, with the restrictions that no more than three consecutive trials used the same start arm and each start arm was used with approximately equal frequency throughout the session. Overnight retention was tested the next day when the rats were given 24 trials using the same conditions as during stable performance. Criterion for stable performance and overnight retention was defined as Ͼ80% correct trials. If a rat failed to meet criterion, then the same type of session was repeated on subsequent days until criterion was reached. Rats received either one learning or retention session per day.
Strategy Switching and Spatial Reversal Performance
Each rat was trained on a strategy switch or a reversal the day after it reached criterion on the overnight retention test (Figure 1b and c). Strategy switches changed the task from spatial to body-turn (e.g., "go north" to "go right") or vice versa. Reversals changed spatial contingencies (e.g., from "go north" to "go south"). Rats in Cohort 1 were first trained to make body-turns and subsequently trained to switch strategies twice. Rats in Cohorts 2-3 were first trained to approach a place and then trained either to switch strategies twice (Cohort 2) or to reverse their initial spatial response (Cohort 3). No rats were trained to reverse body-turns.
Histology
Rats were deeply anesthetized with sodium pentobarbital (100 mg/kg intraperitoneally; Sigma-Aldrich) and perfused transcardially with 200 ml saline followed by 250 ml 4% paraformaldehyde. Brains were postfixed overnight in 4% paraformaldehyde, transferred to 15% sucrose for 24 h, and then 30% sucrose until they sank. Brains were frozen in dry ice and sectioned at 50 m. Slide-mounted sections were stained with formol-thionin to confirm cannula placement (Paxinos & Watson, 1998) . Coronal sections were stained for tyrosine hydroxylase (TH) to verify 6-OHDA lesions (see Figure 1 in the online supplementary material).
Statistical Analysis
Acquisition criterion required six consecutive correct choices and learning rate was quantified by the number of trials needed to reach this criterion (TTC). The percentage of correct trials per session quantified performance accuracy. The probability of consecutive correct trials was used to measure rats' likelihood of staying with a correct choice (win-stay) and was calculated by dividing the number of two consecutive correct choices (CCC) by the total number of trials in a block. Rats in Cohorts 2-3 were trained initially in a spatial task and were subsequently trained to make a body-turn that, depending on the start arm, was either congruous with or opposite to (incongruous with) the rewarded path in the previous spatial task. Congruent and incongruent paths were analyzed in the first two blocks, when the rats first learned a body-turn from one or the other start arm. Repeatedmeasures analyses of variance (ANOVAs) or select t tests were used to compare 6-OHDA and sham groups' performance (TTC or number of correct choices) across behavioral tasks (e.g., during the initial task and the two tasks after strategy switches). Independent t tests were used when post hoc tests were not possible (e.g., to compare groups' TTC on the initial task). Mauchly's test of sphericity preceded ANOVAs; Greenhouse-Geisser correction was used as needed. Levene's test for equality of variances preceded independent t tests. The ␣ level was .05. Data are presented as mean and SEM.
Results

Surgical Outcomes and Histology
Rats (n ϭ 35) were tested in three cohorts (Cohort 1: sham n ϭ 5, DA n ϭ 6; Cohort 2: sham n ϭ 6, DA n ϭ 7; Cohort 3: sham n ϭ 4, DA n ϭ 7). Few cannulas tracks and little gliosis were visible in the brain sections. Control rats (sham surgery; n ϭ 15) showed normal TH staining in the DLS, whereas DA-depleted rats (6-OHDA, n ϭ 20) showed bilateral loss of TH staining in the DLS, consistent with stereotaxic targets (see Figure 1 in the online supplemental materials). TH staining was similar in nontarget structures (e.g., nucleus accumbens) in all rats.
Partial DA Depletion of the DLS Impairs Egocentric Learning but Not Subsequent Strategy Switches
Rats in Cohort 1 were first trained on a body-turn task (Figure 1c ) and reached learning criterion after an average of 8.73 Ϯ 1.15 blocks of trials (Block 1: 6.55 Ϯ 0.82 trials; Block 2: 7.73 Ϯ 1.44 trials). 6-OHDA infusions impaired learning compared with rats given saline This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Figure 2a) . After acquiring the body-turn task, 6-OHDA and sham groups performed similarly during stable performance ( Figure 2d ) and overnight retention sessions (Figure 2g ), although 50% of rats with 6-OHDA lesions failed to reach learning criterion during the first overnight retention session compared with 80% of rats with sham lesions. DA depletion did not affect strategy switching. Both groups of rats required more trials to switch to the body-turn task than to learn the spatial task (acquisition TTC; main effect of task: F(1.188, 10.695) ϭ 7.176), made more errors during stable performance (F(2, 18) ϭ 4.727; p Ͻ .05; Figure 2d ) and retention sessions (F(2, 18) ϭ 3.703; p Ͻ .05; Figure 2g ), and performed similarly. Figure 2. Rats were trained on a series of behavioral tasks on a plus-maze, with or without bilateral 6-hydroxydopamine (6-OHDA) lesions of the dorsolateral striatum (DLS). Rats learned a body-turn (response) task followed by strategy switches (a, d, and g), a spatial task followed by strategy switches (b, e, and h), or a spatial task followed by a reversal (c, f, and i). (a-c) TTC were used to measure task acquisition during the learning phase of the acquisition session. (d-f) Performance accuracy (percentage correct trials) during the stable performance phase of the acquisition session was used to reflect learning of that day's new task. (g-i) Performance accuracy during the retention session was used to reflect overnight retention of the task learned on the previous day. 6-OHDA ϭ rats that received 6-OHDA lesions; Sham ϭ rats that received sham lesions. Gray shading denotes the body-turn (response) tasks. ‫ء‬ denotes a difference between treatments; matched letters denote differences between cohorts; all p Ͻ .05. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Partial
2 was trained next to switch strategies whereas Cohort 3 was trained next to reverse spatial goals (Figure 1c ). Rats in Cohorts 2 and 3 learned (Figure 2b and c), performed (Figure 2e and f), and remembered (Figure 2h and i) the spatial task similarly after 6-OHDA and sham lesion. Rats in Cohort 2 required more trials to learn the body-turn task than the previous or subsequent spatial tasks (main effect of task: F(2, 22) ϭ 11.149, p Ͻ .05), but both treatment groups learned at the same rate (Figure 2b ). These findings confirmed that DA depletion did not impair strategy switching. Rats given sham lesions in Cohort 2 (Figure 2b ) learned the body-turn task more slowly than those in Cohort 1 that had no prior training on the maze (Figure 2a ; t(9) ϭ Ϫ3.292, p Ͻ .01), suggesting that prior training on the spatial task interfered with subsequent egocentric learning. Rats given sham lesions learned faster and made more consecutive correct choices when the same path was rewarded in both the spatial and body turn tasks (TTC, 3.50 Ϯ 0.96; CCC, 0.77 Ϯ 0.15) compared with when the opposite path was rewarded (TTC, 11.50 Ϯ 1.73; vs. congruent, t (5) DA depletion did not affect spatial reversal learning in Cohort 3, and although memory in the overnight retention session was well above criterion (91-92% correct), it was lower than that of rats with sham lesions (ϳ98% correct; main effect of group, F(1, 9) ϭ 7.364, p Ͻ .05; Figure 2i ). This spatial reversal learning impairment was not observed in rats with 6-OHDA lesions in Cohort 2, who were trained first in a spatial task and then a strategy switch (Figure 2h ).
Discussion
The present study investigated the effects of partial DA depletion in the DLS on allocentric spatial and egocentric body-turn tasks and compared reversals and strategy switches between these tasks. Partial DA depletion of the DLS (via 6-OHDA microinjections) strongly impaired initial egocentric, but not spatial, learning, and had little effect on subsequent reversals or strategy switches. Intact rats trained first in a spatial task had more difficulty learning a subsequent body-turn task then naïve rats trained first on a body-turn task. This pattern was not seen in 6-OHDA rats. To our knowledge, this is one of the only studies to assess the impact of partial nigrostriatal DA depletion on a series of learning tasks that require flexible responding between distinct strategies.
Although spatial and body-turn tasks on a plus-maze can require similar overt behaviors, they depend on distinct brain circuits that include the hippocampus and DLS, respectively (Packard & McGaugh, 1996; White & McDonald, 2002) . The present results indicate that egocentric response learning is impaired by DA depletion in DLS, consistent with other DLS lesion (Packard & McGaugh, 1996) and nigrostriatal DA depletion studies (Faure, Haberland, Condé, & El Massioui, 2005; . Together, nigrostriatal DA may contribute to the acquisition of response tasks at least in part by mediating striatal neurons' responsiveness to salient sensory cues (e.g., Aosaki, Graybiel, & Kimura, 1994) important to procedural learning (Jog, Kubota, Connolly, Hillegaart, & Graybiel, 1999) . The transient nature of the learning deficit reported here remains unclear. Electrophysiological changes in surviving DLS neurons (e.g., Mulder et al., 1996) , modification of related circuits (e.g., Fan, Baufreton, Surmeier, Chan, & Bevan, 2012; Wilson et al., 2006) , and altered monoamine levels in frontal and striatal subregions (e.g., Kehagia, Murray, & Robbins, 2010; Zigmond, Abercrombie, Berger, Grace, & Stricker, 1990) could support this recovery. 6-OHDA acts rapidly as a selective neurotoxin. After 6-OHDA injections into the medial forebrain bundle, DA neuron degeneration is identifiable almost immediately and peaks within 48 h (Zuch et al., 2000) , suggesting that, in the present study, DA neuronal damage was present before the start of behavioral testing. Indeed, nigral DA cell counts were reduced by 40% 1 week and 65% 1 month after striatal 6-OHDA injections (Sauer & Oertel, 1994) . Although progressive cell loss may have contributed to the present findings (e.g., Darvas, Henschen, & Palmiter, 2014) , it cannot fully account for our results because egocentric learning was impaired approximately 2 weeks after 6-OHDA infusions in Cohort 1 but was normal approximately 2-3 weeks later in Cohort 2. Egocentric learning deficits may have also been transient because of compensatory increases in DA turnover in the remaining DA neurons (Zigmond et al., 1990) . Extracellular DA is reduced in striatum and prefrontal cortex 1-3 weeks after striatal 6-OHDA lesions (Tadaiesky et al., 2008) , but striatal DA levels were relatively normal 1 month after nigral 6-OHDA lesions (Castañeda, Whishaw, & Robinson, 1990) . Lesion extent and preexisting differences in learning may also contribute to the present data, and nonspecific damage to surrounding tissue (e.g., cholinergic neurons) is plausible, although unlikely given the 6-OHDA concentration and injection volumes used in the present study (Agid, Javoy, Glowinski, Bouvet, & Sotelo, 1973; Javoy, Sotelo, Herbet, & Agid, 1976; . Cognitive impairments associated with PD are also heterogeneous and vary with the severity, duration, and subtype of disease-induced pathology (Elgh et al., 2009; Foltynie et al., 2004; Kehagia et al., 2009; Muslimović et al., 2005) .
In contrast, hippocampus-dependent spatial learning and performance were not affected by striatal 6-OHDA infusions in this experiment. DA modulates hippocampal plasticity (Jay, 2003) , and mesohippocampal DA projections originating in the ventral tegmental area and medial substantia nigra (Gasbarri, Verney, Innocenzi, Campana, & Pacitti, 1994) contribute to spatial learning on the Morris Water Maze (Gasbarri, Sulli, Innocenzi, Pacitti, & Brioni, 1996) . This circuitry was likely intact in the present study. More complete nigral DA lesions may impair spatial navigation and strategy learning (Da Cunha et al., 2003; Hefco et al., 2003) , This document is copyrighted by the American Psychological Association or one of its allied publishers.
reflecting more advanced and/or nonmedicated PD in humans (Damier et al., 1999; Thurm et al., 2016) . Spatial and body-turn strategies are learned in parallel by intact rats who can switch readily from one to the other if either the hippocampus or the striatum is inactivated (Packard & McGaugh, 1996) . Interactions between these memory systems are varied and can include competition (McDonald & White, 1995) as well as synergy in different training conditions (Ferbinteanu, 2016) . In the present experiment, initial training in one task altered subsequent learning in another task so that intact rats trained first to use a spatial strategy (Cohort 2) learned body turns more slowly than rats who had no prior maze training (Cohort 1) and vice versa: rats trained initially to use body turns (Cohort 1) learned spatial responses more slowly than naïve animals (Cohort 2; Figure 2a and b) . Both positive and negative interference transferred from the place to the body-turn task depending on whether or not the egocentric response matched the most recently learned spatial goal. Learning was rapid when the correct body turn was congruent with the prior spatial goal and slow when the paths were incongruent, suggesting that different learning rates among rats with sham lesions reflect the availability of both strategies that were redundant in congruent and opposing in incongruent paths during the egocentric task. Nonetheless, spatial training impaired body-turn learning overall by intact rats, suggesting that negative transfer from a spatial strategy interfered with subsequent egocentric learning. The initial spatial training may have increased the tendency of intact rats to prefer allocentric to egocentric strategies in open environments (Tolman, 1949) , a preference constrained by ethologically prepared, hierarchically organized behavioral strategies (Hinde, 1966) . The same preference for learning spatial strategies may also account for the relatively minor negative transfer from egocentric to allocentric learning in sham-lesioned animals.
Rats with 6-OHDA lesions also demonstrated a positive transfer of the spatial strategy, selecting spatially congruent more than incongruent paths during body-turn learning, even as this transfer did not rescue overall performance, which was impaired in both Cohorts 1 and 2. In contrast to intact rats, 6-OHDA lesions impaired body-turn learning to the same degree whether or not it was preceded by spatial training but with one exception: After spatial training, rats with 6-OHDA lesions performed numerically better on the incongruent path than rats with sham lesions, as though unaffected by negative transfer from the opposite body turn.
All rats in the present study learned and remembered switches normally, requiring intact processing in the prelimbic/ infralimbic cortices (Rich & Shapiro, 2007) . Overnight retention of spatial reversals was normal, suggesting that orbitofrontal processing also remained intact in 6-OHDA rats (Young & Shapiro, 2009) . Prefrontal DA and 3-dihydroxyphenylacetic acid levels are unaffected by ventrolateral striatal 6-OHDA lesions 1 week after surgery, although they declined 2 weeks later (Tadaiesky et al., 2008) . Because rats in the present study were tested 1-2 weeks postsurgery, prefrontal DA depletion was likely minimal and sufficient to support strategy switches and reversals. Although more extensive degeneration of the nigrostriatal and other monoaminergic systems may contribute to the wide-ranging cognitive pathology of premotor PD, the present findings suggest that partial DA depletion may not be sufficient to impair behavioral flexibility, limiting its utility as an early cognitive marker of prodromal PD.
